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ABSTRACT

RNA viruses continue to exert a significant toll on human health globally. Poliovirus is a
well-studied RNA virus and serves as an important model system for understanding the life
cycles of such viruses. This research was focused on understanding the lipid binding interactions
of the poliovirus RNA-dependent RNA polymerase (RdRp) to phosphatidylinositol-4-phosphate
(PI4P). PI4P is thought to aid in the localization of poliovirus replication proteins, like RdRp, at
host intracellular membranes to form viral “replication organelles.” In order to interrogate the
lipid-binding interactions of RdRp, nuclear magnetic resonance (NMR) spectra were collected on
samples of poliovirus RdRp variants with and without PI4P to determine if and where any
interactions between the lipid and protein occurred. The NMR results were also compared to
previous molecular docking studies that suggested potential PI4P binding sites. Based on these
NMR spectra, it appears that a docking site near the front side of the RdRp palm domain is
favored. More work remains to be done in further interrogating these interactions in
environments that more closely resemble biological systems.
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Chapter 1 :
Introduction

Viral Replication Strategies
By many estimates, viruses are the most abundant biological organisms on earth.1 However, the
term ‘virus’ is a catch-all term, as viruses show an extraordinary diversity of cellular life cycles.2 Viruses
with different life cycles also employ different survival strategies. Viruses store their genetic information
in relatively small genomes. Many viruses hold a number of replication mechanisms in common, most of
which underlie the ability to hijack host cell machinery, including membranes and proteins, to serve as
factories for the production of viral components. This feature is perhaps the most amazing feature of
viruses: they have the ability to take the hostile environment of the host cell and turn it into a functional
home.
Two common classification systems exist for viruses: the Baltimore system and the International
Committee of Taxonomy of Viruses system (ICTV).3 Proposed by David Baltimore in 1975, the
Baltimore classification groups viruses into seven categories based on type of genome present and
replication strategy. The groups include:
I. double-stranded DNA (dsDNA)
II. single-stranded DNA (ssDNA)
III. dsRNA
IV. positive sense (+) ssRNA
V. negative sense (-) ssRNA
VI. ssRNA that replicate using a DNA intermediate: retrovirus (ssRNA-RT)
VII. dsDNA that replicate using a ssRNA intermediate: retrovirus (dsDNA-RT)

2
The Baltimore system is perhaps a simpler means of classification than the ICTV system, which
classifies viruses based on their properties, such as size, symmetry, type of nucleic acid used for the
genome, and components of the virion. The ICTV system is taxonomical, and uses a hierarchical method
of organization. The classification terms, ordered from least specific to most specific, are order (-virales),
family (viridae), subfamily (virinae), genus (-virus), and species.4

Picornaviridae/Poliovirus Replication
Picornaviridae is an ICTV family that comprises a group of positive-sense ssRNA viruses broken
into 35 genera including enteroviruses, hepatoviruses, and parechoviruses. While each different genus has
distinctive characteristics, picornaviruses hold a remarkable number of qualities in common.5
Like all positive-sense viruses, picornaviruses both translate their positive-sense ssRNA genomes
to produce proteins necessary for replication and transcribe their genomes to create new positive-sense
ssRNA to serve as translation or replication templates.6,7
Positive-sense RNA viruses comprise about a third of all known viruses and are important in a
variety of roles and ecosystems, making them an interesting point of study.8 Picornaviridae contains a
number of viruses that do not, as of yet, have cures or vaccines, designating it as relevant to biochemical
research with biomedical applications.9 Because poliovirus is among the most well-understood
picornaviruses, it was used as a model candidate for study.10,11

Replication Organelle
What is perhaps most intriguing about the life cycle of positive-stranded RNA viruses is how they
deal with the aforementioned issue of survival in a complex and unforgiving host cellular environment.
To cope with the stress of host environments, these viruses form what have come to be known as
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replication organelles.12,13 The viral replication organelle describes a compartment within the host cell in
which the virus replicates. These replication organelles serve to localize factors and proteins necessary for
viral replication, while also protecting the virus against host defenses.
Interestingly, viruses form these organelles by upregulating host cell phospholipid synthesis,
hijacking host secretory pathways, and remodeling intracellular host membranes for their own use. In
particular, the membranes of the Golgi apparatus and endoplasmic reticulum are utilized.14,15,16 Poliovirus
specifically relies on modification of the Golgi membrane.17 In doing so, the virus is able to create a
specialized microenvironment for replication of its own viral RNA.
Positive-sense viruses produce replication organelles of two morphotypes: membrane
invaginations or host intracellular membranes and double-membrane vesicles (DMVs). Picornaviruses,
along with coronaviruses and arteriviruses, produce DMVs, which morphologically resemble extrusions
from the hijacked host intracellular membrane.18 In poliovirus, early stage single-membrane vesicles are
gradually converted to DMVs that are 100-300 nm in diameter.
Single-membrane invagination replication organelles are generally thought to enclose the viral
replicase complex and contain a small channel to the cytoplasm for the import of all necessary
metabolites and export of nascent viral RNA. DMVs, however, do not contain these channels for
transport, which has complicated explanations of different DMV viral replication mechanisms. Poliovirus
is thought to replicate mostly on the cytoplasmic side of the single membrane replication organelle until
the second membrane that forms the final DMV seals it.17,19 Poliovirus replication is thought to be most
active in the early, single-membrane replication organelle stage.17 For other DMV viruses, it is unclear
whether a similar mechanism occurs. Implicit in these explanations is the fact that import of metabolites
and export of viral RNA must occur through this “sealed” membrane. The method for these transport
mechanisms is still not understood, although the DMV is thought to protect the viral RNA against the
host immune response.18
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Initially, the virus likely depends on modified cellular metabolism proteins to activate the
synthesis of phospholipids. Viral protein and replication complexes are then recruited due to the unique
lipid composition of these membranes.16 In poliovirus, formation of this replication organelle is associated
with an enrichment of phosphatidylinositol 4-phosphate (PI4P) moieties. ADP-ribosylation factor (Arf1)
is activated by a guanine exchange factor (GEF). The active Arf1-GTP binds the membrane and leads to
the recruitment of PI4KIIIβ kinases, which enrich in the membrane in PI4P (Figure 1).

Figure 1. Outline of replication organelle formation. During poliovirus infection, replication
organelles (shown as red ovals) develop on the trans-golgi network. PI and PIP kinases enrich the
membrane in specific phospholipids, which are thought to aid in the localization of viral replication
proteins.
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Phosphotidylinositol-4-phosphate
Phosphoinositides are a noteworthy class of lipids that are enriched at these replication organelles
during the membrane remodeling process and have been implicated in the recruitment of viral replication
machinery. Different PI moieties show enrichment, at different membranes, and as such recruit different
proteins to different locations within the host cell, as shown in Table 1.20
Table 1. Phosphoinositide localization. Adapted from Yan Mei Chan.15,21,22
Phosphoinositide Cellular Location
PI3P

Early endosome,
Multivesicular bodies

PI4P

Golgi, Vesicles

PI(3,4)P2

Early endosome, Vesicles

PI(3,5)P2

Late endosome, Lysosome,
Multivesicular bodies

PI(4,5)P2

Plasma membrane

PI(3,4,5)P3

Plasma membrane

Of particular interest is phophotidylinositol-4-phosphate (PI4P), which has been linked with the
recruitment of viral proteins, including viral RNA polymerases.23,24
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Figure 2. General structure of phosphatidylinositol. Phosphatidylinositols can be phosphorylated at
any of the positions inositol ring nonadjacent to the lipid tail position. In the case of PI4P, the position
marked with an asterisk is phosphorylated.
For the purposes of this study, free, water-soluble short-chain PI4P was added to NMR solutions.
It is important to note that in vivo it is unlikely that short-chain PI4P will be the form of phospholipid
interacting with the protein. Rather, it is more likely the PI4P tail is embedded in the intracellular
membrane of interest.

Poliovirus RNA-dependent RNA Polymerase (RdRp, 3D)
Poliovirus RdRp (3D) has been thought to bind preferentially to PI over other phospholipids; in
particular, 3D binds PI4P and PI(4,5)P2.15 However, 3D does not contain the traditional PI4P-binding
pleckstrin homology (PH) domain. As such, it may be using a different recognition motif, which if
identified and characterized, could have implications for both viral and host proteins. PI4P was shown to
bind the poliovirus RNA-dependent RNA polymerase (3D) and the viral protease (3C) through membrane
strip assays. Dr. Yan Mei Chan’s work showed the location of binding with 3C to be on an N-terminal αhelix, but the exact binding site on 3D is not yet known. 21
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The poliovirus RNA-dependent RNA polymerase is a 53 kDa, 461 amino acid protein that
structurally resembles a cupped right hand shape, with helical finger and thumb domains linked by an Nterminal region.25,26

Figure 3. Poliovirus 3D polymerase domains. Front view of the poliovirus RdRp (PDB 1RA6).
The template RNA enters the catalytic site on the palm through a tunnel created by the fingertip
region. Binding and localization of the substrate nucleotide triphosphates (NTP) require two divalent
metal cations and are mediated by highly conserved aspartate residues in the catalytic site.27,28,29 This
binding cleft is about 15 Å wide and is able to fit A-form RNA duplexes. Uridylylation of the viral
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protein VPg serves as a primer to initiate transcription, wherein a tyrosine residue is positioned such that
transcription can be initiated from the hydroxyl group.30 The polymerization reaction proceeds by way of
the metal cations. The first cation activates the 3’-OH necessary for nucleophilic attack, while the second
cation positions the NTP properly for elongation. The protein is also thought to cooperatively bind
substrates, and is prone to forming homodimers.31

Poliovirus RdRp PI4P Binding Site
Poliovirus 3D is known to bind PI4P, as confirmed by lipid binding assays.32 However, the exact
nature and location of this binding interaction is still unknown. The purpose of this study was to
determine where and how 3D binds PI4P. Previous work and sequence homology with poliovirus 3C
provide preliminary suggestions as to where this interaction may be occurring.21 PI4P contains negatively
charged headgroup, which means it has the potential to interact with positively charged regions of 3D.
Using molecular docking, a few PI4P docking sites on PV 3D were previously proposed.33,34,35
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Figure 4. Proposed docking solutions of PI4P to the PV RdRp surface. The docking solutions show
the PI4P molecule in the proposed docking sites in the conformation proposed. These simulations were
performed using Autodock.
However, a few of these docking solutions put the PI4P in a conformation that would likely not
exist at the membrane, as the lipid tails of the PI4P are likely membrane bound, with the charged head
group in the cytosol. As such, it is important to note that these simulations are artificial. Nonetheless,
these docking simulations pose interesting questions as to where exactly PI4P is binding to 3D in vivo.
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Figure 5. Target docking solutions. The three proposed PI4P docking solutions selected for study are
shown. Residues important in the interactions are labeled, and the PI4P is shown in its proposed binding
conformation.

Nuclear Magnetic Resonance (NMR) and Chemical Exchange
NMR was used to interrogate these potential interactions. In particular, ligand titration
experiments were used, where a spectrum was taken first of the apoprotein and then of the protein-ligand
mixture. The goal of such experiments is to identify changes in signal chemical shifts and intensities,
which can then be correlated with specific amino acid residues and may indicate protein-ligand
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interactions. NMR is also able to give information on the chemical exchange of the protein-ligand
interaction.
Chemical exchange is a term used to describe changes in chemical environment. In an NMR
experiment, the existence of chemical exchange means the NMR probe is seeing two or more different
chemical environments at different points in time. In the slow exchange regime, the nuclei move slowly
between these different states so separate signals are seen for each state with unique chemical shifts and
peak intensities (Figure 6). In the fast exchange regime, the two states interconvert rapidly enough that the
NMR spectrum shows a population-weighted average signal of the different states (Figure 6).36 Noting
changes in chemical shifts and peak intensities can thus provide insight into the kinetics and
thermodynamics of protein-ligand interactions.

Figure 6. Chemical exchange signals. Figure from Denk, M.36 In the fast exchange regime, an average
of the two states is seen, where as in slow exchange, both unique states show distinct signals.
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Protein Labeling for NMR Study
Due to the size constraints of solution-state NMR, protein NMR requires some ingenuity,
especially when studying larger proteins. The most common solution to issues of size in protein NMR is
the use of selective isotopic labeling. In particular, specific residues can be labeled to serve as molecular
“probes” of the overall protein structure. Imperative to choosing these probes is the selection of residues
with high levels of coverage. That is to say, residues selected for labeling should be high in number in the
primary amino acid sequence of the protein, such that enough probes exist to collect meaningful data.
Additionally, an important consideration for good coverage of the protein is the distribution of the
selected residues. These residues should be well dispersed throughout the protein structure, such that all
portions of the structure can be probed.37,38 The most important consideration for this study is choosing
residues that can act as probes in or near the PI4P binding regions predicted by the molecular docking
studies. For the purpose of this study, the main residue selected was isoleucine, as there are 25 welldispersed isoleucines throughout the 461 amino acid sequence of 3D (Figure 7) and there are a number of
isoleucines near the proposed docking sites. For one part of the study, methionine was also used, as there
are 17 well-dispersed methionines in the primary amino acid sequence of the protein, a number of which
are also near the proposed docking sites (Figure 7).39,40,41
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Figure 7. Isoleucines and methionines on 3D. A cartoon rendering of poliovirus 3D is shown with the
isoleucine residues highlighted as red spheres (A) and the methionines highlighted as magenta spheres
(B).
Isoleucine labeling of the protein can be achieved by adding a labeled biosynthetic precursor of
isoleucine, α-ketobutyric acid, to the bacterial culture, which the bacteria then incorporate into the
induced protein (Figure 8). Methionine is easily labeled by simply adding 13C-labeled methionine to the
minimal growth media, in lieu of 12C-methionine.
Many of these isoleucines are near the proposed docking sites, and as such can be used as probes
for interactions at or near those sites. I16, I17, I58, and I176 are found near docking site 1, I397, I401,
I436, and I441 are found near docking site 5, and I16, I17, I130, and I176 are found near docking site 6.
Similarly, M6 is near docking site 1, M392 and M394 are near docking site 5, and M101, M123, M141,
and M286 are near docking site 6.
A number of these residues are also near key structural RdRp motifs. M323, I324, and I331 are
near the GDD motif, structural motif C, which coordinates metal ions necessary for activity. 28 I67
neighbors K66, a residue crucial for enzyme activity in its role of interacting with the incoming
nucleotide triphosphate (NTP). I295, M299, and I300 surround N297, which interacts with the incoming
nucleotide 2’-OH. Additionally, a number of the primary structure isoleucines and methionines are near
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proposed PI4P docking sites. As such, by monitoring the behavior of these residues with and without
PI4P can help shed light on the protein-phospholipid interactions.

Figure 8. Biosynthetic precursor and terminally-labeled isoleucine. Terminal methyl 13C αketobutyric acid (2-ketobutyric acid) is added as a biosynthetic precursor to the bacterial culture shortly
before expression. The bacteria use the labeled precursor to incorporate isoleucines with terminal methyl
groups labeled with 13C into the expressed protein. The labeled carbon is circled in red.
In using these amino acid probes, a cleaner picture of the overall protein can be obtained. Were
all the residues to be labeled in a similar manner, there would simply be too many signals to interpret.

Summary of Goals
The overall goals of this study were to first validate the utility of solution-state NMR in
characterizing protein-lipid interactions for titration studies. After doing so, solution-state NMR was used
to probe interactions between poliovirus 3D protein and PI4P to interrogate the binding site for lipidmediated localization of 3D to intracellular host membranes.
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Chapter 2 :
Testing PI4P-containing Nanodiscs with the Model PI4P-binding Protein FAPP1

Lipid Nanodiscs
The major goal of the study was to validate or refute the 3D-PI4P docking studies using solutionstate NMR. While PI4P has been shown to bind 3C and 3D, these assays were performed using shortchain, free PI4P. As discussed earlier, it is unlikely that free PI4P is interacting with the 3D protein in
vivo. As such, lipid nanodiscs were used to serve as a sort of membrane surrogate.
Lipid nanodiscs are an interesting tool for testing interactions in a more membrane-like
environment. They are composed of a phospholipid bilayer wrapped in a protein scaffold for structure and
are meant to model cellular membranes (Figure 9).

Figure 9. General structure of a lipid nanodisc. The phospholipids, shown with orange head groups
and tan-colored tails are held together by structural scaffold proteins, shown in blue and green. Figure
from Mitra, N.43
The composition of phospholipids can be altered to elucidate specific lipid binding interactions or
to better model specific types of membranes. In essence, the nanodiscs present the lipids and membrane
components as they may appear in a real membrane, rather than as free-floating molecules. For the
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purpose of this study, nanodiscs enriched in PI4P were used to better mimic intracellular Golgi
membranes.43
While lipid nanodiscs can be a useful tool for the study of membrane interactions, they are
limited by issues in modeling natural membrane fluidity, orientation, and curvature. Also inherently
limiting in the nanodisc simulations is the fact that the concentration of PI4P is significantly less in a
nanodisc than when free short-chain PI4P is used. Furthermore, the exact concentration of PI4P in the
nanodiscs is difficult to pin down, but it is roughly on the order of 500 times lower than the 2.7 mM used
for the free short-chain PI4P, as calculated from mole fractions of the nanodisc synthesis.44 Nonetheless,
for NMR study, lipid nanodiscs serve as valuable tools in modeling protein-lipid interactions in a manner
that more closely resembles the interaction in vivo.

FAPP1-PH as a Positive Control
Four-phosphate adaptor protein (FAPP1) is a regulator of secretory transport from the trans-Golgi
network to the plasma membrane and is a well-studied binder of PI4P. FAPP1 binds PI4P through a 110
residue N-terminal pleckstrin homology (PH) domain.45 PH domain is the quintessential PI binding
domain, allowing FAPP1 to serve as a positive control for PI4P binding assays.46
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Figure 10. FAPP1 Pleckstrin homology (PH) domain. Structure of FAPP1 protein is shown, with
residues in the PH domain labeled. A ball and stick rendering of PI4P is overlaid in the binding site.
Figure from Prestegard, et al.44
Given that FAPP1 has a known PI4P-binding domain, it emerged as an attractive candidate for
confirming the validity of the NMR PI4P titration experiments. Although it is not necessary that 3D
contains a pleckstrin homology domain like FAPP1, the FAPP1 assay is useful in determining the
functionality of the free PI4P, nanodiscs, and the NMR study overall.
For this study, only the PH domain of FAPP1 was purified. Key in the PI4P binding interaction
are basic residues K7, R18, K41, and K45. Binding with short-chain PI4P was shown in the literature to
be in the millimolar range and in the fast-exchange regime.45
The solution-state NMR experiments were verified in their ability to observe changes upon
adding PI4P to a protein solution. The nanodiscs also showed changes in the spectra upon addition to the
protein solution, but there appeared to be size-constraint issues that may be problematic for studying a
3D-nanodisc complex.
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Methods

Expression of FAPP1-PH
The expression pSUMO construct was transformed into E. coli BL21 (DE3) cells and plated on
LB-agar plates with kanamycin. The next morning 4x10 mL M9 media with kanamycin in 50 mL Falcon
tubes were inoculated with single colonies. The OD was measured at 600 nm at 8 and 12 hours. The
culture with the highest OD600 at 12 hours/OD600 at 8 hours ratio was streaked onto M9 agar plates in
100% D2O with kanamycin. The plates were incubated for 20-22 hours at 37˚C, after which 4x10 mL
M9/50% D2O cultures were inoculated. The OD600 was taken at 16, 20, and 24 hours. A 1 mL aliquot of
the culture with the highest OD600 at 24 hours/OD600 at 20 hours ratio was used to inoculate 50 mL M9 in
100% D2O and shaken overnight at 37˚C and 250 rpm. This culture was then used to inoculate 950 mL of
M9 in 100% D2O with 13C-glucose and 15NH4Cl. This culture was then shaken at 37˚C and 250 rpm until
the OD600 = 0.6. 0.25 g IPTG in 5 mL D2O was sterile filtered into the culture, and the culture was
induced at 25˚C for 20-24 hours. Finally, the cells were harvested at 10,000 x g for 30 minutes.

Purification of FAPP1-PH
First, base buffer (50 mM sodium phosphate pH 8.0, 300 mM NaCl), resuspension buffer (base
buffer + 10 mM imidazole, 1mM PMSF, 1.4 ug/mL Pepstatin A, and 1 ug/mL Leupeptin), equilibration
buffer (base buffer + 10 mM imidazole), wash 1 buffer (base buffer + 10 mM imidazole), wash 2 buffer
(base buffer + 50 mM imidazole), and elution buffer (base buffer + 500 mM imidazole) were prepared.
The cell pellets were then resuspended in 5 mL resuspension buffer per 1 gram of cell pellet and lysed
using a French press. The lysate was then centrifuged at 16,500 rpm for 30 minutes at 4˚C. The
supernatant was run through a Ni-NTA column equilibrated in equilibration buffer. The column was
washed with 10 column volumes of wash buffer 1 and 5 column volumes of wash buffer 2. The protein
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was then eluted using 10 column volumes of elution buffer.

FAPP1 NMR Sample Preparation
The protein was spin concentrated to about 150 uM and exchanged into NMR buffer using
Thermofisher zeba spin desalting columns. The NMR buffer contained 10 mM potassium phosphate, 200
mM NaCl, 10 mM K2SO4, 2 mM MgCl2, 5 mM DTT in 5% D2O.

NMR Spectroscopy
Heteronuclear single quantum coherence (HSQC) experiments were used to study the FAPP1-PH
to PI4P interactions. HSQC is a fundamental two-dimensional NMR experiment. Magnetization is
transferred from a hydrogen to the attached 15N nucleus through J-coupling, and then transferred back to
the hydrogen, wherein it is detected by the NMR instrument. HSQC is used to show all labeled H-N
correlations, which are usually on backbone amides of the protein chain. These NMR experiments were
performed on a Bruker Avance III 600 MHz spectrometer.47

Results
The expression of the FAPP1 protein, performed as detailed in the methods section (Figure 11)
shows the elution of the FAPP1-PH domain at 12.2 kDa, as expected.
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Figure 11. Overexpression of FAPP1 PH domain. The protein eluted at 12.2 kDa. The purification was
performed as described in the methods section. An 8 mL Ni-NTA column was used to purify the Histagged protein. The column was washed with a sodium phosphate buffer (pH 8) and eluted with
increasing imidazole concentrations. Wash 2 used 50 mM imidazole, where as the elution buffer used 500
mM imidazole.
Following the overexpression and purification of the FAPP1 protein, NMR spectra were
collected. The initial FAPP1 experiment was performed by collecting spectra of the apoprotein and then
of the protein with PI4P. These experiments were conducted in order to verify the functionality of the
experiment, the protein, and the PI4P ligand (Figure 12).
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Figure 12. 600 MHz HSQC of backbone labeled FAPP1-PH with and without PI4P. The apo-state
FAPP1-PH (150 uM) is shown in black. Shown in red is the protein with 2.7 mM short-chain PI4P added.
The buffer conditions are 10 mM potassium phosphate, 200 mM NaCl, 10 mM K2SO4, 2 mM MgCl2, 5
mM DTT in 5% D2O.
Given that only the PH domain was purified, it was expected that the basic lysine and histidine
residues in the binding pocket vital for binding would show chemical shift changes. In particular, K7, W8,
T9, L12, W15, Y29, K41, G42, I44, K45, E50, I65, Q69, H70, and Y72 were previously shown to have
the most pronounced chemical shift changes upon PI4P binding.45 Because obvious chemical shift
changes are seen in a number of these residues, this data suggests an interaction. These binding
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interactions are likely in the fast-exchange regime, as noticeable chemical shift changes are seen with
peaks unique to the bound and unbound states. In particular, large chemical shift changes are seen in the
signals corresponding to V4, K52, H54, and T100 (Figure 13).

Figure 13. FAPP1-PH PI4P chemical shift changes. Cartoon of FAPP1-PH protein with PI4P-binding
pocket residues shown as red spheres. Residues corresponding to noticeably perturbed peaks in Figure 12
are shown as blue spheres. PDB ID: 3RCP.
Interestingly, the residues shown in blue (Figure 13) are not all near the known PI4P binding site.
The observed chemical shift changes in these residues may be due to conformational changes of the
protein upon ligand binding. Once it was verified that NMR could be used to observe changes upon
adding PI4P to a protein solution, a test experiment using PI4P nanodiscs was performed to validate the
nanodisc assay (Figure 14).
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Figure 14. 600 MHz HSQC of FAPP1-PH with and without PI4P nanodiscs. The apo-state FAPP1PH (150 uM) is shown in black. Shown in red is the protein with PI4P nanodiscs added. The buffer
conditions are 10 mM potassium phosphate, 200 mM NaCl, 10 mM K2SO4, 2 mM MgCl2, 5 mM DTT in
5% D2O.
The nanodisc experiments yielded an interesting result that would inform the work going forward.
The first point to note is that there were no apparent chemical shift changes. However, the NMR spectrum
in the presence of the nanodisc (shown in blue in Figure 14) is much less intense than the NMR spectrum
in the absence of the nanodisc (shown in black in Figure 14), suggesting that the protein and nanodisc are
in slow exchange. The extra noise seen in the presence of the nanodisc is also likely due to the low
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intensity of the resonances (Figure 15). This decrease in intensity may provide an initial indication of a
larger complex between FAPP1-PH and the lipid nanodiscs that may be too large for NMR detection.
That is, the nanodisc-protein complex may be forming, but the corresponding resonances for the complex
are not observable. However, the effects of the interaction are indicated directly by the loss of peak
intensity in the apoprotein resonances.
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Figure 15. Absolute intensity change of selected residues. Peak intensities of residues visible and
resolvable on both spectra in Figure 14 are highlighted. Many of the signals seen in the apoprotein
spectrum were not seen in the nanodisc spectrum. Many of the other signals were too close together to be
resolved with the given data. Residues shown here were visible on both spectra and were resolvable.
Because there were no easily observable chemical shift changes, the intensity changes of signals
with and without ligand were analyzed. The peak intensity changes between the apoprotein spectrum and
the nanodisc spectrum (Figure 14) were surprisingly uniform, even for some of the residues that showed
chemical shift changes in Figure 13, such as V4 and T100. However, a smaller percent signal decrease is
seen for H54 upon addition of the nanodiscs and the K52 peak disappears all together. This result
suggests that the protein-nanodisc complex is forming, and that the nanodisc interactions are leading to
additional relaxation processes for the K52 and H54 resonances. Altogether, the results suggest that the
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protein-nanodisc complex is forming, but that the resonances corresponding to the complex are not
observable, perhaps because the protein-nanodisc complex is outside the size constraints of solution state
NMR. This finding presents problems if we are to use the lipid nanodiscs to study the 3D interaction,
since the 3D is even larger than the FAPP1-PH protein.
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Chapter 3:
Evaluation of Interactions Between RdRp and PI Lipids

Poliovirus RdRp PI4P Binding Site
Though poliovirus 3D is known to bind PI4P, the specifics of this binding interaction are still
unknown. This part of the study was conducted to determine where and how this binding interaction is
occurring. The main goal was to evaluate previous docking studies using solution-state NMR using
specific methionine and isoleucine probes that can interrogate these proposed binding sites. The solutionstate NMR experiments appeared to be consistent with PI4P interactions at/near docking sites 1 and 5.
However, there were anti-dimerization changes in the “wildtype” 3D construct (L446D, R455D) that
were necessary for the production of NMR samples at high protein concentrations. These residue changes
are located in docking site 5. As such, a different anti-dimerization variant (D339A, S341A, D349A) was
studied. However, the study of the second anti-dimerization variant did not resolve the issues raised with
the first variant, as a chemical shift change was only seen for I316, which was not near any of the
proposed docking sites. Upon compiling all of the data, it appeared that there may be a multivalent
binding surface that 3D uses to interact with PI4P moieties at intracellular host membranes.

Methods

Expression of 13C-Methionine Labeled Poliovirus RdRp via Auto-induction
The poliovirus 3Dpol mutant was expressed using an auto-induction protocol. First, 25 ng of
plasmid was transformed into 100 uL B834* pRARE competent cells and grown at 37˚C on
kanamycin/chloramphenicol LB agar plates overnight. A smear of colonies was used to inoculate the pH
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7.6 starting media (88.58 mL ddH2O, 5 mL 20X NPS, 2 mL 17 amino acid mix (10mg/mL), 1.5 mL 13Clabeled methionine (10 mg/mL), 2 mL B12 (5 mM), 0.125 dextrose (40%), 0.1 mL 1M MgSO4, 0.1 mL
1000X trace metals mix, 0.3 mL kanamycin (25 mg/mL), 0.3 mL chloramphenicol (20 mg/mL)) the next
day, which was shaken at 37˚C, 250 rpm until it reached OD600=1.0. The starting media was then used to
inoculate the auto-induction media (433.5 mL ddH2O, 25 mL 20X NPS, 10 mL 50X 5052, 10 mL 17
amino acid mix (10mg/mL), 7.5 mL 13C-labeled methionine (10 mg/mL), 10 mL B12 (5 mM), 0.125
dextrose (40%), 0.5 mL 1M MgSO4, 0.5 mL 1000X trace metals mix, 1.5 mL kanamycin (25 mg/mL), 1.5
mL chloramphenicol (20 mg/mL). This culture was allowed to grow at 37˚C and 250 rpm until it reached
OD600=0.3-0.5. The temperature was then changed to 25˚C and the culture allowed to grow overnight.
The cells were then harvested at 4000 rpm, 4˚C for 30 minutes, washed (10 mM Tris, pH 8.0, 1 mM
EDTA), and spun again at the same conditions.

Expression of 13C-Isoleucine Labeled Poliovirus RdRp via IPTG-induction
The expression pSUMO construct was transformed into E. coli BL21 (DE3) cells with pRARE
plasmid and plated on LB-agar plates with kanamycin and chloramphenicol. The next morning 4x10 mL
M9 media with kanamycin and chloramphenicol in 50 mL Falcon tubes were inoculated with single
colonies. The OD was measured at 600 nm at 8 and 12 hours. The culture with the highest OD600 at 12
hours/OD600 at 8 hours ratio was streaked onto M9 agar plates in 100% D2O with kanamycin and
chloramphenicol. The plates were incubated for 20-22 hours at 37˚C, after which 4x10 mL M9/50% D2O
cultures were inoculated. The OD600 was taken at 16, 20, and 24 hours. 1 mL of the culture with the
highest OD600 at 24 hours/OD600 at 20 hours ratio was used to inoculate 50 mL M9 in 100% D2O and
shaken overnight at 37˚C and 250 rpm. This culture was then used to inoculate 950 mL of M9 in 100%
D2O. This culture was then shaken at 37˚C and 250 rpm until the OD600 = 0.6, at which point 70 mg αketobutyric acid in 5 mL D2O was sterile filtered into the culture. This culture was shaken for an

28
additional hour. Next, 0.25 g IPTG in 5 mL D2O was sterile filtered into the culture, and the culture was
induced at 25˚C for 20-24 hours. Finally, the cells were harvested at 10,000 x g for 30 minutes.

Purification of Poliovirus RdRp
First, buffer B (100 mM potassium phosphate pH 8.0, 500 mM NaCl, 5 mM imidazole, 5 mM βmercaptoethanol, 60 uM ZnCl2, and 20% w/v glycerol) and buffer C (100 mM potassium phosphate pH
8.0, 500 mM NaCl, 5 mM β-mercaptoethanol, 60 uM ZnCl2, and 20% w/v glycerol) were prepared. The
cell pellets were then resuspended in 50 mL lysis buffer (50 mL buffer B, 1.4 ug/mL pepstatin A, 1
ug/mL leupeptin, 1 mM PMSF, and 0.1% N-P40) and lysed through sonication. The lysate was then
centrifuged at 30,000 x g for 30 minutes at 4˚C. The supernatant was run through a Ni-NTA column
equilibrated in buffer C1 (buffer C, 5 mM imidazole). The column was washed with buffer C1, buffer C2
(buffer C, 5 mM imidazole). The protein was then eluted using high imidazole concentrations in buffer
C3 (buffer C, 50 mM imidazole) and buffer C4 (buffer C, 500 mM imidazole). The His tag and SUMO
domain were cleaved from 3D using Ulp1 protease. The protein was then dialyzed in 80 mM Tris-HCl pH
8.0, 500 mM NaCl, 20% w/v glycerol, 10 mM β-mercaptoethanol, and 60 uM ZnCl2 overnight. The
resulting protein solution was then dialyzed in 100 mM potassium phosphate pH 8.0, 20% w/v glycerol,
10 mM β-mercaptoethanol, and 60 uM ZnCl2 for 2-3 hours. The protein was then run through another NiNTA column using an identical procedure as before. Finally, the protein was run over a Q sepharose
column at 0.5 mL/min. The column was washed with 10 column volumes of buffer F (50 mM Tris pH
8.0, 25 mM NaCl, 1 mM DTT, 20% glycerol). Finally, the protein was eluted with 4 column volumes of
buffer F (50 mM Tris pH 8.0, 500 mM NaCl, 1 mM DTT, 20% glycerol).
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Poliovirus RdRp NMR Sample Preparation
The protein was spin concentrated to about 150 uM and exchanged into NMR buffer using
Thermofisher zeba spin desalting columns. Two possible NMR buffers were used. The first contained 25
mM potassium phosphate, 150 mM NaCl, 1 mM DTT, 0.02% NaN3 in 100% D2O. The second contained
20 mM HEPES (pH 8.0), 0.02% sodium azide, 150 mM NaCl, 1 mM DTT in D2O.

NMR Spectroscopy
For the 3D NMR experiments, NMR HMQC (heteronuclear multiple quantum coherence)
experiments were conducted. HMQC is very similar to HSQC, except that in HMQC both the proton and
the nitrogen are allowed to evolve/signal. These NMR experiments were performed on Bruker Avance III
500 and 600 MHz spectrometers.

Results
An NMR HMQC experiment was run on the NMR 3D-wildtype (WT). It is important to note that
polymerization of 3D proteins is prohibitive for NMR study. Therefore, the NMR 3D WT used was
actually 3D variant L446D, R455D. These residues were changed to prevent polymerization 3D. The
results of the Isoleucine-labeled NMR WT are shown in Figure 16:
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Figure 16. Isoleucine-labeled spectrum of poliovirus 3D apoprotein. 600 MHz HMQC spectrum of the
poliovirus 3Dpol apoprotein (300 uM), in black. The buffer conditions were 25 mM potassium phosphate,
pH 8.0, 150 mM NaCl, 1 mM DTT, and 0.02% sodium azide in D2O.
Notable residues near the potential binding sites include I58 (near docking site 1), I397 and I436
(near docking site 5), and I130 (near docking site 6). With the baseline wildtype spectrum established,
PI4P was added to create a basis for the interaction of PI4P with the wildtype protein (Figure 17).
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Figure 17. Isoleucine-labeled spectrum of the interaction of poliovirus 3D with PI4P. Superimposed
600 MHz HMQC spectra of poliovirus 3D (300 uM) unbound, in black, and poliovirus 3D in the presence
of 8.1 mM PI4P, in red. The buffer conditions were 25 mM potassium phosphate, pH 8.0, 150 mM NaCl,
1 mM DTT, and 0.02% sodium azide in D2O.
Noticeable chemical shift changes are highlighted with the associated residue number. In
particular, there are small chemical shift changes associated with I397 and I436, which are near docking
site 5. I58, associated with docking site 1, also showed a substantial chemical shift change, suggesting
that docking site 1 may also be undergoing some sort of change upon the addition of PI4P. As a basis of
comparison, the free PI4P spectrum was then compared with a PI4P lipid nanodisc spectrum (Figure 18).
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Figure 18. Isoleucine-labeled spectrum of the interaction of poliovirus 3D with PI4P lipid nanodiscs.
Superimposed 600 MHz HMQC spectra of poliovirus 3D (300 uM) unbound, in black, and poliovirus 3D
in the presence of PI4P lipid nanodiscs, in red. The buffer conditions were 25 mM potassium phosphate,
pH 8.0, 150 mM NaCl, 1 mM DTT, and 0.02% sodium azide in D2O. The PI4P concentration is about 6
uM.
Unfortunately, there were no observable chemical shift or peak intensity changes induced upon
adding PI4P-containing nanodiscs to 3D (Figure 18). One of the challenges of this experiment is that the
concentration of PI4P is on the order of 500 times lower than that of the free, short-chain PI4P added in
Figure 18 (~6 uM). Under these conditions, binding interactions between 3D and the nanodiscs may be
too weak to cause any changes in the NMR spectrum.
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Due to the work of collaborators in the Altan-Bonnet group, docking site 6 was slated for further
study. This site was favored based on sequence similarity with the PI4P binding domain of 3C (Figure
19).

Figure 19. Sequence alignment of 3D with Poliovirus 3C binding domain. Conserved residues are
denoted with (*), conservative mutations with (:), and semi-conservative mutations with (.).
To interrogate binding interactions near this docking site, a single methionine (M141) residue
near the site was changed to an isoleucine, as shown in Figure 20:

Figure 20. Docking site 6. View of poliovirus 3Dpol from the top. Docking site 6 is marked in green,
with the methionine 141 residue marked in magenta.
An NMR HSQC spectrum was then collected on this variant (Figure 21):
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Figure 21. Comparison of WT and M141I variant 3D. The results of the two 500 MHz HSQC
experiments are aligned. Superimposed 500 MHz HSQC spectra of poliovirus 3Dpol (200 uM) unbound,
in black, and poliovirus 3Dpol in the presence of 2.7 mM PI4P, in magenta. These spectra were collected
in 20 mM HEPES, pH 8.0, 150 mM NaCl, 1 mM DTT, and 0.02% sodium azide in D2O.
The peaks at 2.25 ppm and 1.5 ppm in Figure 21 are PI4P. A lack of chemical shift changes in the
relevant residues did not confirm the validity of docking solution 6. Although slight chemical shift
changes were seen in some signals, these were not near the relevant M141. Many of these peaks are at
different intensities, which makes it difficult to resolve all of the signals on the same spectrum. In
particular, solvent exposed residues tend to show much higher signal intensities. As such, different parts
of the spectra are shown separately in Figure 21.
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Though none of the signals showing chemical shift or intensity changes were near docking site 6,
a few of these signals were near docking sites 1 and 5. Specifically, M6 is found near docking site 1 and
M392 and M394 are found near docking site 5 (Figure 22).

Figure 22. Top views of Poliovirus 3D. Docking site 1 is highlighted in magenta, docking site 5 is
highlighted in blue, and docking site 6 is highlighted in red. Methionine residues nearby the docking sites
are highlighted in orange.
At this point, the NMR titration experiments were consistent with docking sites 1 and 5 and did
not show any evidence in favor of docking site 6. From these analyses, it appears that there may be an
entire 3D surface across which a PI4P membrane could bind, perhaps in a multivalent fashion. Again, it
should be noted that the 3D construct being used actually contained two amino acid substitutions (L446D,
R455D) near docking site 5. Since these amino acid changes may influence the PI4P binding, a different
anti-dimerization variant (D339A, S341A, D349A), developed by the Cameron group, was used for the
following studies. Based on some positive results from binding assays performed by Dr. Craig Cameron’s
group, docking site 5 was chosen next for study (Figure 23).
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Figure 23. Supported lipid bilayer binding assays for 3D variants. Data provided by Djoshkun
Shengjuler. PI4P is shown to preferentially bind the true WT and D339A, S341A, D349A variant. In the
L446D, R455D variant, the same trend is not seen.
Figure 23 was generated by using a supported lipid bilayer (SLB) assay. SLB allows for the
modeling of membrane systems, which is useful in interrogating protein-PI4P interactions in a
membrane-like environment. In particular, this assay was performed using planar SLBs in a microfluidic
device to wash the protein over the ligand-containing ligand. Binding of the protein to the membrane was
indicated by fluorescence due to the accumulation of hydroxide ions at the site of binding. This ion
accumulation was due to the an increase in interfacial potential as the positively charged protein binds the
membrane. Given the promise of the new anti-dimerization variant, an NMR HMQC titration experiment
was performed (Figure 24):
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Figure 24. Isoleucine-labeled spectrum of Poliovirus 3Dpol (D339A, S341A, D349A) with PI4P.
Superimposed 600 MHz HMQC spectra of poliovirus 3D (200 uM) unbound, in black, and poliovirus 3D
in the presence of 2.7 mM PI4P, in red. The buffer conditions were 25 mM potassium phosphate, pH 8.0,
150 mM NaCl, 1 mM DTT, and 0.02% sodium azide in D2O.
While perhaps some very slight chemical shift changes were seen in some of the resonances, none
of them were at residues near any of the expected docking sites. While this result is interesting, it
necessitates further inquiry. A chemical shift change is seen in the I316 resonance. Though I316 is not
near any of the docking sites, it is near the three amino acids that showed chemical shift changes in Figure
17.
For comparison, the L446D, R455D variant apoprotein spectrum was overlaid with the D339,
S341, D349A apoprotein spectrum (Figure 25).
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Figure 25. Overlay of 3D variants. The 600 MHz HMQC of the two different 3D variants tested are
overlaid. The first variant is shown in black and the anti-dimerization variant is shown in blue. The
spectra were aligned based on the most intense peak, at -0.15 in the proton dimension and 10.5 in the
carbon dimension.
The two spectra were overlaid and the anti-dimerization variant was initially shifted upfield in the
proton dimension and downfield in the carbon dimension. The spectra were then aligned based on the
highest intensity peak. Interestingly, the anti-dimerization variant is still shifted downfield in the carbon
dimension. This difference is likely due to a temperature difference, magnetic field change, and/or major
conformation differences between the two variants. It is worthwhile to note that the 600 MHz NMR
instrument was having problems holding temperatures around the time the anti-dimerization variant
spectrum was collected.
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The notable chemical shift changes in Figure 17 and Figure 24 were also plotted on the protein
structure, to show relative positions of the residues (Figure 26).

Figure 26. Key protein residues in poliovirus 3D. Shown is a front view of the poliovirus 3D protein.
Docking solution 1 is shown in magenta, docking solution 5 is shown in blue, and docking solution 6 is
shown in red. Isoleucines that showed chemical shift changes in Figures 17 and 24 are highlighted in
orange. Methionines that showed chemical shift changes in Figure 21 are highlighted in yellow.
Interestingly, it appears that most of the residues and the docking sites highlighted in Figure 26
are on the same face of the protein. Perhaps the 3D-PI4P interaction is actually a multivalent interaction
that involves multiple docking sites on the same face of the protein. This sort of interaction at membranes
is well documented throughout the literature, especially in relation to receptor-ligand binding and cell
signaling.48,49 “Lipid rafts” in cellular membranes have also been implicated in multivalent protein
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binding, especially when membranes are moving around the cytoplasm during signal transduction.50
Similar interactions are also seen with peripheral membrane proteins used for a variety of cellular
processes.51 As such, it seems reasonable that poliovirus 3D may be behaving in a similar manner,
employing multivalent ligand binding to increase affinity or specificity.
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Chapter 4:
Discussion

Docking Solutions 1 and 5
The goal of this study was to determine the validity of the docking solutions for PI4P to
Poliovirus 3D binding using solution-state NMR. Based on the initial results (Figure 17), docking site 5
emerged as the most promising of the six docking solutions. In particular, the chemical shift changes seen
in the I397 and I436 peaks indicated docking site 5 plays some role in PI4P binding. However, The
chemical shift change associated with I58 is also important to note, as this residue is implicated in
docking site 1. Interestingly, docking sites 1 and 5 do not fall within close proximity of each other, though
they are on the same face of the protein.
That being said, docking site 5 showed further promise based on the work of Djoshkun
Shengjuler in Dr. Craig Cameron’s lab. Djoshkun performed lipid bilayer binding assays that showed an
improved binding affinity for PI4P upon changing from the NMR “wild-type” (L446D, R455D) to a
different anti-dimerization 3D variant (D339A, S341A, D349A).32 Because the NMR wild-type amino
acid substitutions are near docking site 5 and the restoration of these residues to the natural wild-type
restored PI4P binding, docking site 5 showed promise.
The effect of the dimerization amino acid changes also remained unclear. With the original
L446D, R455D variant, binding of PI4P was in the millimolar range, which seems reasonable in
comparison to the 3C protein, which showed binding constants in the millimolar range, as well.21 The
uncertain nature of these results was furthered by the NMR results for the D339A, S341A, D349A
variant, which showed virtually no signal changes upon addition of PI4P (Figure 24). All told, the NMR
data was most consistent with docking sites 1 and 5.
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Creation of a New Docking Site
Perhaps in an effort to create anti-dimerization variants useful for NMR study, additional docking
site(s) were created. The exceptional initial promise of docking site 5 was rather curtailed with the
D339A, S341A, D349A variant (Figure 24). While this spectrum does not preclude docking site 5 from
truly being a site of PI4P interaction, it certainly does suggest there may be other factors at play.
It seems plausible that by way of creating these anti-polymerization mutants, additional docking
sites are being created. However, the evidence for this idea is still slim, though it may warrant additional
attention.

Future Directions

Effective Modeling of Membrane Interactions
As discussed earlier, the short-chain PI4P provided a qualitative analysis of the binding
interactions. However, these studies modeled the interactions in a very artificial manner, as the free PI4P
may adopt orientations in solution that it may not have liberty to adopt in a biological membrane. While
the nanodiscs inch closer to a true membrane model, they also have shortcomings in issues of
concentration, orientation, and curvature.
In recent years, technology has arisen that allows the study of membrane interactions in more
native scenarios. In particular, studies have shown that solid-state NMR can be used to study supported
lipid bilayer systems.52 In addition to nanodiscs, some groups have touted the use of lipid vesicles or
bicelles of other morphologies to serve as membrane mimetics for NMR study.53,54,55
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Alternative Approaches
Perhaps the utility of HSQC/HMQC NMR in studying this interaction has gone as far as it can.
The advantage of NMR is that it can provide site-specific information. As such, other types of NMR
experiments may be useful in further elucidating 3D-PI4P interactions.
For example, spin relaxation experiments may be done, where a spin label is attached to the PI4P
molecules. A loss of signal from other residues in such a spin relaxation experiment would indicate that
those residues are interacting with the tagged PI4P. The binding of this altered PI4P could be confirmed
using fluorescence polarization.
Additionally, should the binding site(s) be conclusively determined, other types of NMR
experiments, like ZZ exchange, may be useful in studying the dynamics.

In the Context of 3CD
Perhaps the inconsistent nature of the results is indicative that the model used does not accurately
reflect the in vivo system for the interaction of 3D and PI4P. Previous work showing that 3C binds PI4P
exists.21 As such, it may be that the proposed PI4P localization mechanism acts on the 3CD molecule,
before the individual 3D molecule has been cleaved away.
To further interrogate this notion, 3CD mutational analysis may be valuable. In the same way that 3D
binding interactions were studied, so too may 3CD interactions be studied.
PI4P may also interact with the 3CD protein, considering that it is a crucial precursor protein of
the viral protease (3C) and RNA-dependent RNA polymerase (3D)56 that must be cleaved during posttranslation polyprotein processing to activate 3D for genome replication. This 3CD polyprotein
structurally resembles two balls on a string (Figure 27A), with a linker region connecting the 3D (Figure
27B) and 3C proteins (Figure 27C). Contained in this linker region is a recognition site that may be
cleaved by 3C or 3CD molecules.57,58,59 Cleavage of the 3CD polyprotein into its component 3C and 3D
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parts is imperative, as the 3D protein only displays polymerase activity once the cleavage has occurred.59
3CD may interact with PI4P through its 3C and/or 3D domains.

Figure 27. Crystal structure of 3CD and component 3C and 3D. A. The crystal structure of 3CD
(PDB 2IJD) is shown with active site residues of 3C protease (H40, E71, C147) and 3D RdRp (D416,
D511, D512) highlighted as red spheres. B. 3D subunit (PDB 1RA6) shown individually. C. 3C subunit
(PDB 1L1N) shown individually.

In analyzing the 3D docking study data in conjunction with Dr. Chan’s 3C data21 the
possibility of a 3CD multivalent docking surface emerged (Figure 28).
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Figure 28. 3CD docking sites. Residues showing chemical shift changes in 3C and 3D are highlighted in
the context of 3CD.

The relative locations of the residues showing chemical shift changes perhaps indicate
that the 3CD molecule may be localizing to intracellular host membranes by docking to PI4P
through a multivalent interaction with sites on both the 3C and 3D domains.
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